Introduction
[2] Wildfire is an important disturbance in boreal forest ecosystems of North America and a growing number of studies indicate that wildfire plays an important role in the carbon (C) dynamics of northern highlatitude ecosystems [Zimov et al., 1999; Harden et al., 2000; Bond-Lamberty et al., 2007; Balshi et al., 2007 Balshi et al., , 2009a . The frequency of large fires has increased dramatically in the North American boreal forest region over the past four decades [Gillett et al., 2004; Kasischke and Turetsky, 2006] , and it is projected to increase further throughout this century in response to projected climate warming [Flannigan et al., 2005; Balshi et al., 2009b] . Because northern high-latitude regions contain large amounts of soil C Tarnocai et al., 2009] , it is important to properly represent how interactions among fire, soil environmental conditions and biogeochemical processes influence soil C storage in the region to understand the potential for these interactions to affect the climate system [McGuire et al., 2009] .
[3] Wildfire affects the C balance of boreal ecosystems directly through combustion of vegetation and near-surface soil organic horizons , and indirectly through the changes of surface energy balance [Liu et al., 2005] , soil thermal and hydrological regimes [MacKay, 1995; Burn, 1998; O'Neill et al., 2002; Kasischke and Johnstone, 2005; Liljedahl et al., 2007] , and vegetation succession Johnstone and Chapin, 2006] . At the regional scale, the direct effects of fire have received much attention [Thonicke et al., 2001; Arora and Boer, 2005; Balshi et al., 2007] , but the evaluation of the indirect effects of fire has been limited because the appropriate tools have not yet been fully developed for application at the regional scale. With an increase in understanding the importance of organic soil on soil thermal and hydrological regimes, regional land surface and terrestrial 1 ecosystem models have begun to implement organic matter horizons into their representations of the soil profile [Zhuang et al., 2001; Zhang et al., 2003; Yi et al., 2006; Lawrence and Slater, 2008] . Some site-specific modeling studies have represented changes in the thickness of organic horizons after fire based on the balance between litter input and soil C decomposition [Carrasco et al., 2006; Fan et al., 2008 ; also see Frolking et al., 2001] , but these studies did not consider how those changes affect soil temperature and moisture dynamics. To our knowledge, none of the modeling efforts to date have dynamically represented how changes in the thickness of organic horizons caused by disturbance and subsequent postfire changes in organic layer thickness influence interactions among soil thermal, hydrological, and biogeochemical dynamics. In this study we describe the development and evaluation of a dynamic organic soil version of the Terrestrial Ecosystem Model (TEM) that is capable of representing the influence of changes in organic soil thickness on the dynamics of northern high-latitude terrestrial ecosystems. This new version of TEM explicitly represents how dynamic changes in the thickness of organic horizons influence soil thermal, hydrological and biogeochemical dynamics to affect C exchange with the atmosphere.
[4] Black spruce (Picea mariana (Mill.)) forests are one of the most common ecosystem types in the North American boreal forest, and have surface organic horizons that range in thickness from 10 to > 40 cm [Viereck and Johnston, 1990] . Because of their deep organic horizons, they play an important role in the C dynamics of boreal North America [Clein et al., 2002] . We therefore evaluated the model described in this study for its ability to simulate the structure of organic soils in black spruce forest ecosystems at study sites located near Delta Junction in interior Alaska. As part of this evaluation we conducted a sensitivity analysis to understand the importance of considering a dynamic versus static soil organic layer on soil thermal, hydrological, and C dynamics over a 900 year period of a repeatedly burned intermediately drained black spruce forest stand. We also conducted two site-specific sensitivity analyses focused on issues related to spatial heterogeneity across the range of black spruce forests in North America that have the potential to substantially influence the structure and function of soil organic horizons in these ecosystems: soil water drainage and fire frequency [Harden et al., 2000] .
Methods

Model Development
[5] The Terrestrial Ecosystem Model (TEM) is a processbased ecosystem model designed to simulate the C and nitrogen (N) pools of vegetation and soil, and the C and N fluxes among vegetation, soil, and the atmosphere. The TEM has evolved substantially over the last two decades from an equilibrium biogeochemical model applied at continental and global scales [Raich et al., 1991; McGuire et al., 1992; Melillo et al., 1993] , and now represents how biogeochemical dynamics of northern high-latitude ecosystems are affected at seasonal to century scales by processes like soil thermal dynamics [Zhuang et al., 2001 [Zhuang et al., , 2002 ], snow cover [Euskirchen et al., 2006 [Euskirchen et al., , 2007 , and fire [Balshi et al., 2007 [Balshi et al., , 2009a ]. While previous model development efforts have improved the soil thermal and hydrological processes in TEM for application in high-latitude regions [Zhuang et al., 2001 [Zhuang et al., , 2002 Euskirchen et al., 2006] , fire disturbance implemented in these model versions reduced the amount of soil C without affecting organic soil thickness and associated changes in the thermal and hydrological properties of soil [e.g., Balshi et al., 2007 Balshi et al., , 2009a . To prepare TEM for dynamically simulating soil organic C dynamics, Yi et al. [2009a] modified the model version of TEM used by Balshi et al. [2007 Balshi et al. [ , 2009a by coupling soil thermal and hydrological processes of TEM so that the model is capable of simulating soil environmental changes in the context of changing soil organic thickness. Here we describe the further modifications of TEM that were required for the model to compute changes in organic layer thickness from calculated changes in carbon pools following fire and during stand succession.
[6] There are four components in dynamic organic soil version TEM (hereafter DOS-TEM): the environmental module (EnvM), the ecological module (EcoM), the fire effects module (FEM), and the dynamic organic soil module (DOSM) (Figure 1 ). The purpose of the EnvM is to provide the EcoM with information on the atmospheric and soil environment and to provide the FEM with information on the soil environment. Specifically, the EnvM calculates the dynamics of biophysical processes driven by data on climate, topography, mineral soil texture, leaf area index (from the EcoM), and soil structure (from the DOSM) ( Figure 1 ). Soil temperature and moisture conditions are calculated for multiple layers within various soil horizons including moss, fibric organic, amorphous organic, and mineral horizons. A detailed description of EnvM is provided in the appendix of Yi et al. [2009a] , and an overview of EnvM can be found in Appendix A of this paper.
[7] The EcoM uses the information on atmospheric chemistry, the atmospheric and soil environmental conditions calculated by the EnvM, the soil structure (from the DOSM), and the fate of soil and vegetation C and N pools (from the FEM) to simulate vegetation and soil C and N pools of the ecosystem (Figure 1 ). Information on soil carbon changes is provided to the DOSM yearly so that it can alter the thicknesses of soil organic horizons. The FEM has been designed to calculate the fate of vegetation C and N pools driven by information on fire occurrence, topography, the soil environment (from the EnvM), and the soil structure (from the DOSM) (Figure 1 ). Below we provide expanded overviews of the EcoM, FEM, and DOSM; detailed descriptions of these modules can be found in Appendices B-D of this paper.
[8] The EcoM simulates the C and N pools of vegetation and soil, and the C and N fluxes among vegetation, soil and atmosphere ( Figure 2 ). In contrast to previous versions of TEM, DOS-TEM simulates the dynamics of three different soil C horizons (the fibrous, amorphous, and mineral soil horizons). Because the decomposition parameters used in the model are defined separately for each horizon, this version of TEM is capable of representing multiple soil of different quality that are stratified vertically. The C from vegetative litterfall is divided into aboveground litterfall and belowground litterfall. Aboveground litterfall is assigned only to the first layer of the fibrous horizon, while belowground litterfall is assigned to different layers of the three horizons based on the fractional distribution of fine roots with depth. The dynamics of coarse woody debris, an important C pool associated with fire disturbance in the boreal forest [Manies et al., 2005] , is also considered in DOS-TEM. EcoM is run at monthly time step.
[9] The FEM simulates how fire affects C and N pools of vegetation and soil, including combustion emissions to the atmosphere, the fate of uncombusted C and N, and the flux of N from the atmosphere to the soil via biological N fixation in the years following a fire ( Figure 3 ). The amount of soil C combusted is determined by comparing the distribution of soil C with depth to the depth of burn estimated by the FEM. At the time of fire, aboveground vegetation C and N are divided into three parts: live aboveground vegetation C (1% of prefire aboveground vegetation C), uncombusted dead aboveground C (76%), and combusted aboveground C (23%). The belowground vegetation C is divided into three parts: belowground live root C (1% of prefire root C), uncombusted dead root C, and combusted root C. The amounts of uncombusted and combusted root C are determined by comparing the prefire root C with the depth of burning into the organic soil horizons. N generally follows the fate of C based on C:N ratios of vegetation and soil with the exception that some volatilized N is retained by the ecosystem [Harden et al., 2004] . The net amount of N lost from the ecosystem as a result of fire is reintroduced into the system from the atmosphere annually after a fire in equal annual amounts determined by dividing the total net N lost to the atmosphere during the most recent fire event by fire return interval (FRI). The FEM is implemented once annually if a fire is prescribed.
[10] The DOSM recalculates soil organic thickness after soil C pools are altered by ecological processes and fire disturbance based on the relationships between soil C content and soil organic thickness of different organic horizons in black spruce stands in Manitoba, Canada [Yi et al., 2009b] . If the thickness of fibrous organic soil exceeds a specified threshold, the amount above the threshold is humified into amorphous soil. The specified thresholds for dry and wet black spruce ecosystems are 0.16 and 0.33 m, respectively. These values were determined as the mean plus one standard deviation of the fibrous organic horizon from a soil horizon data set compiled for numerous black spruce stands in Canada [Yi et al., 2009b] . Once the thickness of each organic soil horizon (i.e., fibrous and amorphous) is determined, DOSM calculates the number of layers in each organic horizon and the thickness of each layer to maintain stability and efficiency of soil temperature and moisture calculations.
Model Calibration
[11] We developed a "dry" black spruce parameterizations for purposes of ultimately applying this parameterizations for a gradient of black spruce forest stands between well drained and intermediately drained landscape positions in interior Alaska . We also developed a "wet" black spruce parameterization for application to sites that are somewhat poorly and very poorly drained (i.e., with a high water table). To develop these parameterizations, we calibrated the rate-limiting parameters (maximum rate of C assimilation, respiration of vegetation per unit carbon at 0°C, C and N litterfall rate, maximum rate of N uptake by vegetation, ratio between N immobilized and C respired by heterotrophs, heterotrohic repiration per unit carbon at 0°C for fibric, amorphous and mineral soil) of DOS-TEM for "target" values of pools and fluxes of mature "generalized" dry and wet black spruce stands based on estimates derived from studies conducted in Alaska and Manitoba and available in the literature (Table 1) as described below. The calibration of these parameters is an effective means of dealing with temporal scaling issues in ecosystem models [Rastetter et al., 1992] . The data used for calibration generally did not involve data from Delta Junction because data from this location were used for model evaluation. The calibration process is similar to that used for previous versions of TEM [Clein et al., 2002] . Because DOS-TEM represents three distinct soil C horizons (fibrous, amorphous, and mineral horizons), we determined a rate-limiting decomposition parameter for each of the horizons through calibration. The mean monthly climate data from Fairbanks (1901 Fairbanks ( -1930 were used to drive the calibration.
[12] The target value for vegetation C in Table 1 was estimated by using measured aboveground live vegetation C, and the ratio between aboveground and total (both aboveground and belowground) live vegetation C. Published values of this ratio for black spruce stands range between 0.69 for black spruce stands of Ontario, Canada [Chen et al., 2002] and 0.88 for black spruce stands of Saskatchewan, Canada . We used 0.8 in this study. The observed aboveground vegetation C for the dry black spruce parameterizations was based on the sum overstory tree C of mean dry black spruce stands of Alaska and understory C from mature black spruce stands of Delta Junction, Alaska . We used the understory C from the Delta Junction sites used for evaluation because we could not find other estimates of understory C for black spruce stands in Alaska; the understory C from these sites was less than 5% of the aboveground biomass. For the wet black spruce stands, observed aboveground vegetation C was based on data presented by Van Cleve et al. [1983] .
[13] Similar to vegetation C, the target value for net primary production (NPP) in Table 1 was estimated by dividing observed aboveground NPP by the fraction of aboveground NPP and total NPP. Published values of this fraction include 0.48 for black spruce stands of Ontario, Canada [Chen et al., 2002] , 0.4 to 0.6 for black spruce stands of Saskatchewan and Manitoba, Canada , and 0.33 to 0.49 for black spruce stands of interior Alaska [Ruess et al., 2003] . In this study, we used 0.43 as being representative of interior Alaska.
[14] The target values of soil C horizons (Table 1) were based on observed thickness of fibrous, amorphous and mineral layers and the drainage-dependent relationships between organic C content and organic horizon thickness from data compiled from Manitoba [Yi et al., 2009b] . In Alaska, the observed thicknesses of fibrous and amorphous organic horizons are 10 and 6.5 cm for dry black spruce, and 13 and 13 cm for wet black spruce, respectively, based on field measurements of organic layers of mature black spruce stands of interior Alaska (M. R. Turetsky et al., A changing fire regime intensifies boreal burning, submitted to Nature, 2010). The N content of fibrous and amorphous horizons was estimated based on dividing the estimated C content of the horizons by C:N ratios. The C:N ratios of fibrous and amorphous horizons are 50 and 42 for dry black spruce, and 60 and 32 for wet black spruce, respectively, based on field measurements of black spruce stands in Manitoba, Canada [Manies et al., 2005] .
[15] The organic C content of the mineral soil was calculated based on drainage-dependent relationships between C density and depth below the mineral-organic interface [Yi et al., 2009b] :
where h is depth below the mineral-organic interface (cm), a and b are parameters fitted to the samples, and c min is the minimum C density (gC/cm 3 ); c min was assumed to be 0.0025 gC/cm 3 based on the soil C content between 1 and 2 m in mineral soil in the study of Jobbagy and Jackson [2000] ; a and b are 0.03969 and 0.06674 for the dry black spruce parameterization, and 0.04856 and 0.06164 for the wet black spruce parameterization, respectively. These coefficients were derived by fitting the relationship to measurements from Manitoba, Canada J. Harden, unpublished data, 2010] . Similarly, we estimated the organic N content of the mineral horizon by dividing the C content by the C:N ratio of the mineral horizon. The C:N ratios of the mineral horizon are 26.3 and 23.7 for the dry and wet black spruce parameterizations, respectively. The target value for the total organic N in the soil (SOLN) is the sum of the N content of the fibric, amorphous, and mineral horizons. All the other target values in Table 1 were estimated as described by Clein et al. [2002] .
Model Evaluation
[16] To assess the ability of DOS-TEM to simulate the structure of organic soils in black spruce forest ecosystems, we evaluated the dry black spruce parameterization of the DOS-TEM at two sites with well drained soils with no permafrost and two sites with intermediately drained soils with permafrost; all sites are located near Delta Junction, Alaska (65°53′N, 145°44′W). The well-drained sites are the Donnelly Flats tower control site (DFTC), which last burned around 1921 and the Donnelly Flats tower burn site (DFTB), GPP, gross primary production; NPP, net primary production; NPPSAT, the saturation response of NPP to nitrogen fertilization; NUPTAKE, annual uptake of nitrogen from the soil.
which burned in 1999 [Liu and Randerson, 2008] . The intermediately drained sites are the Donnelly Flats Creek Control site (DFCC), which last burned around 1886, and the Donnelly Flats Creek burn site (DFCB), which burned in 1999. For more information on the soil and vegetation data of these sites, see Harden et al. [2006] , Mack et al. [2008] , Manies et al. [2005] , and Yi et al. [2009a Yi et al. [ , 2009b . We did not evaluate the wet black spruce parameterization in the same manner as the dry black spruce parameterization because there have not been any studies conducted in interior Alaska that would allow us to evaluate the effects of fire on the reaccumulation of organic matter.
[17] The application of the model was driven by monthly climate data, which included air temperature, precipitation, vapor pressure, and surface solar radiation, that were retrieved from the Climate Research Unit (CRU) data sets [Mitchell and Jones, 2005] for the period 1901-2002. The CRU data sets do not include the period [2003] [2004] [2005] [2006] , so the anomalies of the National Center for Environmental Prediction (NCEP) reanalysis data sets [Kanamitsu et al., 2002] were used to extend CRU data sets through 2006 [Hayes et al., 2010] . We modified this CRU/reanalysis data set by replacing the temperature and precipitation data with data from meteorological stations of Delta Junction (from 1941 to 2006) and Fairbanks (from 1930 Fairbanks (from to 2006 . The atmospheric CO 2 data used to drive the simulations were obtained from the Mauna Loa station [Keeling and Whorf, 2005] .
[18] The implementation of fire in the simulations we conducted, which treated these sites as self-replacing black spruce stands, is described in Figure 4 . We initially ran DOS-TEM to equilibrium in year 1000, using mean monthly climate of 1901-1930 for Delta Junction. The simulation from year 1001 to 1900 was driven with mean monthly climate of the 1901-1930 time period repeated every 30 years throughout that portion of the simulation. Fire disturbances were backcast prior to the earliest known fire event based on FRI, which we assumed to be 80 years at DFTC and DFTB and 150 years at DFCC and DFCB based on the similar landscapes in Manitoba (B. J. Stocks, personal communication, 1997). Although we do not have data from interior Alaska that allows us to better estimate the FRI of well drained and intermediately drained black spruce sites in interior Alaska, a recent study estimates that FRI in interior Alaska was 159 years between 1860 and 1919 and has decreased to 105 years between 1920 and 2009 [Kasischke et al., 2010] . These estimates suggest that our estimates of 80 and 150 years for well drained and intermediately drained black spruce sites are reasonable. Finally, we ran the model over the 1901-2006 time period driven monthly climate from the modified CRU/reanalysis data set.
[19] We performed two sets of simulations, one used the DOSM (i.e., with dynamic organic soil, DOS) versus others that kept organic soil thickness static (SOS). For DOS simulations, organic soil thickness is changed at the time of fire disturbance and during postfire succession. In the SOS simulations, C pools are reduced at the time of fire disturbance, but the thickness of organic soil is not changed.
[20] We compared the simulated (with DOS and with SOS) thickness of organic soil, and C of organic soil and mineral soil with measurements made at the four sites in year 2001 . The deepest measurement of C in mineral soil at DFTC was 82 cm, at DFTB was 67 cm, at DFCC was 22 cm, and at DFCB was 35 cm. We also compared the outputs over the 1001-1900 period to evaluate differences between the DOS and SOS simulations. 
Model Sensitivity Analyses Involving Soil Drainage and Fire Return Interval
[21] Our goal in developing DOS-TEM is to better represent and understand the effects of fire on soil C dynamics of forests in boreal regions. There are two important factors that control the spatial heterogeneity of soil C responses to fire in boreal forests: soil drainage and fire frequency. We conducted simulations with DOS-TEM to understand the sensitivity of ecosystem C dynamics to these factors. All simulations in these sensitivity analyses were driven by Delta Junction climate from year 1001 through 1900.
[22] To evaluate the sensitivity of C dynamics to soil moisture as it is influenced by depth to permafrost and soil drainage class, we performed two sets of simulations: (1) a simulation for the dry black spruce parameterization with FRI of 100 years and moderate belowground burn severity (69% organic soil depth; see Table C1 ), and (2) simulations of the wet black spruce parameterization with FRI of 100 and 200 years. FRIs of 100 and 200 years are appropriate for dry and wet black spruce sites in interior Alaska, respectively. The simulation of the wet black spruce parameterization with FRI of 100 years was conducted to separate out the effects of drainage versus FRI in comparing the dynamics of the dry and wet black spruce parameterizations.
[23] To evaluate the sensitivity of C dynamics to fire frequency, we performed three simulations using the dry black spruce parameterization with FRIs of 150, 100, and 60 years, all with moderate belowground burn severity (69% of the organic soil depth was combusted; also see Table C1 ).
Results
Evaluation
[24] The organic layer thicknesses of DOS simulations (i.e., the simulations with dynamic organic soil structure) were all within 1 standard deviation of the mean of the measurements at all 4 sites, while those of SOS simulations (i.e., the simulations with static organic soil structure) were kept at 22.8 cm ( Table 2 ). The estimated C of organic soils in both the DOS and SOS simulations were within 1 standard deviation of the mean of the measurements at all 4 sites. Differences in the estimates of C in the mineral soil between the DOS and SOS simulations were large; C estimates in the mineral soil of the SOS simulations were approximately 70% larger than those in the DOS simulations.
[25] During the spin up portion of the simulation, the organic soil thickness of the DOS simulations were reduced abruptly at the occurrence of a fire, and recovered during succession. In comparison to the SOS simulation, this change in organic soil thickness caused differences in soil environmental conditions and carbon dynamics ( Figure 5 ). At the occurrence of fire in both the DOS and SOS simulations, vegetation C, net primary production (NPP), organic soil C, and heteorotrophic respiration (RH) decreased immediately. Because of the change in organic soil thickness, the active layer depth in the DOS simulation increased, as did water table depth, which increased in response to enhanced drainage associated with the deepening of the active layer. In contrast, the active layer depth of the SOS simulation increased slightly, and there was very little variation in water table depth. The RH of DOS simulation increased immediately due to warmer soil conditions, while the RH of the SOS simulation remained low because of the cold wet soil conditions.
[26] The RH of the DOS simulation kept decreasing until approximately 50 years after fire as both organic and mineral soil C stocks dropped because of the negative carbon balance (RH greater than NPP). After 50 years, the RH of the DOS simulation started to increase as both organic and mineral soil C increased as the soil became colder and the ecosystem transitioned into positive carbon balance. In contrast, RH of the SOS simulation continually increased after fire because of continual increases in organic soil C associated with positive carbon balance of the cold wet soil. The increase in RH in the SOS simulation versus the decrease in RH in the DOS simulation in the decades following fire causes net nitrogen mineralization to increase faster in the SOS simulation, which caused NPP and vegetation C to increase more quickly during succession than in the DOS simulation.
[27] The thickness of the organic soil in the DOS simulations increased to preburn levels approximately 80 years after fire. During succession, the active layer depth of the DOS simulation continually decreased while the water table depth stabilized after about 40 years. NPP and vegetation C in both the DOS and SOS simulations reached a maximum approximately 30 and 70 years after fire, respectively. The maximum NPP and vegetation C of SOS simulation were always greater than those of DOS simulation. The C in mineral soil of SOS simulation was approximately 5 kgC/m 2 greater than that of DOS, due to colder soil temperature.
Sensitivity Analyses 3.2.1. Effects of Drainage
[28] For all simulations in the drainage sensitivity analysis, the thickness of organic soil, NPP, vegetation C, and organic soil C declined immediately at the time of fire disturbance, and the active layer depth, water table depth, and RH increased (Figure 6 ). During succession, all these variables almost recovered to prefire states. The water table depth of dry drainage simulation was large (about 0.8 m after fire, and 0.4 m before fire), while the water table depth of the wet drainage simulations was small. The maximum NPP of dry drainage simulations was greater that those of the wet drainage simulations. The vegetation C of dry drainage simulation reached a maximum (∼5.0 kgC/m 2 )
after about 50 years, while for vegetation Cs of wet drainage simulations did not reach a maximum (∼4 kgC/m 2 ) until after 70 years. The organic soil C of dry drainage simulation was consistently smaller than those of wet drainage simulations, due to higher fire severity defined for dry drainage simulation. The mineral soil C of dry drainage simulation was consistently greater than those of wet drainage simulations. This occurred because the litter input of C into the soil is based on a static fine root distribution, so that when the organic soil thickness of the dry drainage simulation is smaller, then more litter fall is input into the mineral soil.
Effects of Fire Frequency
[29] For both wet ( Figure 6 ) and dry ( Figure 7 ) drainage conditions, the simulations with longer fire return interval (FRI) had thicker organic soils and more organic soil C storage. For the wet drainage simulations, the longer FRI simulation had less mineral soil C. In contrast, the 150 and 100 year FRI simulations for the dry drainage calibration had more mineral soil C than the 60 year FRI simulation; the difference between 150 and 100 year FRI simulations was small. For both dry and wet drainage simulations, the prefire NPP for the shorter FRI simulation tended to be greater than that of the longer FRI simulation. The colder soil environment in the longer FRI simulations led to lower NPP just before the fire. For example, the active layer of the 150 year FRI simulation was ∼40 cm shallower than that of 60 yr FRI simulation.
Discussion
Importance of Dynamic Organic Soil to Ecosystem Dynamics
[30] Both soil temperature and moisture are important drivers of ecosystem dynamics in northern high-latitude ecosystems [Yi et al., 2009a] . This study has taken a new approach of explicitly coupling soil organic C dynamics with the dynamics of soil organic horizon thicknesses in order to explicitly represent the dynamic linkage between biogeochemical and soil environmental processes in northern high-latitude ecosystems. In dry black spruce ecosystems, the reduction of the organic layer thickness causes an increase in active layer depth and subsurface drainage, which in the soils parameterized in this study results in a transient/temporary decrease in soil moisture. Our analysis of differences between dynamic organic soil simulation and the static organic soil simulation indicated that mineral soil carbon storage is substantially and unrealistically higher if the dynamics of the organic soil horizons are not explicitly represented.
Interactions Between Soil Environment and Ecosystem Dynamics
[31] Soil temperature is considered to be one of the most important environmental factors affecting soil C decomposition and nutrient availability to plants [Davidson and Janssens, 2006] . In our simulations, both the active layer depth and available N increased immediately after fire in both dry and wet black spruce ecosystems. However, in mid succession, both active layer depth and available N tended to decrease as organic matter accumulated. NPP and vegetation C tended to reach maxima in mid succession, after which NPP tended to decline while vegetation C either stabilized (in dry black spruce ecosystems) or declined (in wet black spruce ecosystems). Age-related declines in forest productivity have received substantial attention in the forest science literature [Gower et al., 1996; Goulden et al., 2010] . Several studies have hypothesized that the accumulation of a thick organic layer, which contributes to soil cooling and reduction of nutrient availability, may, in part, be responsible for declines in productivity as forest stands age [Prescott et al., 2000; Simard et al., 2007] . In our simulations, these hypotheses are supported by an accumulation of organic soil and canopy development after fire disturbance that caused soils to get colder and restrict the availability of soil inorganic N, which then decreased NPP.
[32] Water table depth is also an important control on soil C decomposition and nutrient availability [Funk et al., 1994; Dunn et al., 2007] . In our simulations there tended to be an increase in water table depth from ∼0.4 to ∼0.8 m in dry black spruce ecosystems after fire associated with the decrease in the thickness of organic horizons and the increase in active layer depth. In contrast, the simulated water table depth in the wet black spruce ecosystems remained relatively stable in association with a stable thickness of the organic soil over the 900 year simulation period. This relationship between organic soil thickness and water table depth is important. As discussed by Yi et al. [2009a] , leaf area changes had relatively little impact on soil water dynamics in comparison with the effects of changes in the thickness of organic soil horizons on active layer depth and subsurface drainage.
Role of Soil Drainage on Ecosystem Dynamics
[33] Drainage is an important control on the C dynamics of black spruce ecosystems [O'Connell et al., 2003; Grant, 2004; Harden et al., 2000] because of its effects on NPP, decomposition rates, and fire frequency. In our study, we developed generalized parameterizations for dry and wet black spruce ecosystems. In general, wet black spruce ecosystems have thicker organic soils, more soil C storage, less vegetation C, and lower NPP than dry black spruce ecosystems. Our model successfully simulated these differences. 
Role of Fire Frequency on Ecosystem Dynamics
[34] The frequency of fire is important in regulating the size of soil C pools in black spruce ecosystems [Harden et al., 2000] . As expected, simulations in our study with longer FRI (e.g., 150 years) had thicker organic horizons (higher soil C content) than simulations with shorter FRI (e.g., 60 years). FRI also affects plant productivity. Simulations with longer FRI tended to have lower NPP before fire disturbance (e.g., see the 150 year FRI simulation in Figure 7 and the 200 year FRI simulation in Figure 6 ). As discussed earlier, a thicker organic soil in older ecosystems causes a colder soil environment and restricts nutrient availability to plants.
Uncertainties and Limitations
[35] We simulated the dynamics of organic soil based on relationships between organic soil thickness and soil C from black spruce stands in Manitoba, Canada [Yi et al., 2009b] . However, it is not clear to what degree these relationships hold true for black spruce ecosystems in Alaska. Future studies should also develop similar relationships for other forest ecosystems in Alaska, particularly for successional forests after fire. The soil C simulated in DOS-TEM represents soil C in three horizons (fibrous, amorphous and mineral soil C), and these horizons are further divided into layers for the efficient computation of soil thermal and hydrological dynamics. Therefore, each soil layer, which represents an explicit pool of soil C tracked by the model, has a decomposability that is typical of either fibrous, amorphous, or mineral soil C horizons that is implemented through the rate-limiting parameter for decomposition for that horizon. Thus, the model considers multiple pools of soil C in which the decomposability of the soil C is vertically stratified in the soil. It may prove useful to represent each soil C layer by multiple pools similar to that represented in CENTURY model [Parton et al., 1987] . However, approaches to date that have implemented both one and multiple pools for each layer in organic soils of black spruce ecosystems have not shown an overwhelming improvement in representing soil C dynamics with multiple pools within each soil layer [Carrasco et al., 2006; Fan et al., 2008] . It is our opinion that most of the variability in the decomposability of soil C in black spruce ecosystems is explained by depth in the soil, and that a vertical differentiation of soil C quality is appropriate for these ecosystems.
[36] Another uncertainty is associated with parameters used in the model that have the potential to change during succession. After fire disturbance, the effect of canopy development on ground temperature was simulated using the N factor approach [Klene et al., 2001; Karunaratne and Burn, 2004] , which specifies surface ground temperature as a ratio with respect to 2 m air temperature. In this study, N factor varied from 1.1 immediately after a fire to 0.69 after 70 years. Vertical root distribution is another factor that may change during succession. In our implementation, the vertical root distribution was assumed to be static at all stages of ecosystem development after fire. Clearly, a better empirical understanding of the time course of N factor and vertical root distribution would be useful for better representing the influence of these factors on ecosystem dynamics.
[37] In modeling the impacts of fire on C cycling, knowledge of factors that control both fire frequency and fire severity at landscape scales are needed. Currently, spatial variations in fire frequency are assigned at very coarse resolutions (e.g., 0.5 by 0.5 degrees [Balshi et al., 2007] ), but studies show that actual susceptibility to burning at the landscape scale is controlled by vegetation type, topography, and weather at the time of the fire event [Renkin and Despain, 1992; Bessie and Johnson, 1995; Cumming, 2001] . As more information on factors that control the spatial patterns of burning in black spruce forests becomes available, a more realistic depiction of fire frequency can be incorporated into DOS-TEM. Along a similar vein, results from recent research has also provided a clearer understanding of a number of factors that control depth of burning in black spruce forests, including fire frequency, fire year size, timing of the fire during the growing season, and topography Johnstone, 2006; Kane et al., 2007; Turetsky et al., submitted manuscript, 2010] . In our implementation of DOS-TEM in this study, we primarily used a look-up table approach that largely depended on fire season, annual area burned in Alaska, and soil drainage to define the burn severity of soil organic horizons. More sophisticated decision rules that better describe the temporal and spatial variability of burn severity need to be developed and incorporated into DOS-TEM as our understanding of the heterogeneity of burn severity improves. It is also our intention to make better use of the effects of soil environmental variability on the combustion of soil organic horizons as our understanding of this linkage improves.
Conclusion
[38] In this paper, we presented and evaluated a dynamic organic soil version of TEM for studying the effects of fire on soil temperature, moisture, and ecosystem dynamics. The model represents the dynamic linkage among soil organic thickness, soil C content, and soil environmental conditions. Our analyses in this study have shown that it is important to represent this dynamic linkage. Our analyses also indicate that landscape variability in fire frequency and drainage should be considered in large-scale applications of the model. As fire frequency and fire severity are presumably related to soil drainage, it is important to articulate these linkages in future spatial applications of the model as our understanding of these linkages improves.
[39] The dynamic organic soil version of TEM (DOS-TEM) directly evolved from the version of TEM used by Balshi et al. [2007 Balshi et al. [ , 2009a to study the role of fire in the C dynamics of northern high latitudes. There are four parts in DOS-TEM: the environmental module (EnvM), the ecological module (EcoM), the fire effects module (FEM), and the dynamic organic soil module (DOSM). The detailed description of EnvM was provided in the appendix of Yi et al. [2009a] . Here, we provided an overview of of EnvM (Appendix A), and detailed descriptions of EcoM (Appendix B), FEM (Appendix C), and DOSM (Appendix D).
Appendix A: Environmental Module
[40] The environmental module EnvM operates at a daily time step using daily air temperature, vapor pressure, surface solar radiation and precipitation, which are downscaled from monthly input data. The EnvM considers the radiation and water fluxes among the atmosphere, canopy, snowpack and soil. Live moss and fibrous and amorphous organic horizons are considered in the soil column in addition to a mineral soil horizon. Soil moisture and temperature are updated at daily time step. A Two-Directional Stefan Algorithm is used to predict the positions of freezing/thawing fronts in the soil. The temperature of soil layers above first freezing/thawing front and below the last freezing/thawing front is updated separately by solving finite difference equations. Temperatures of the soil layers between the first and last freezing/ thawing fronts are assumed to be at the freezing point. Soil moistures are only updated for unfrozen layers by solving Richard equation. Both the thermal and hydraulic properties of soil layers are affected by its water content. The simulated estimates of daily evapotranspiration, soil temperature and moisture are integrated to monthly values, and provided to EcoM. See Yi et al. [2009a] for more details on the EnvM and an evaluation of the performance of the soil temperature and moisture simulations by the module.
[41] For application in this study, we found it necessary to modify the mineral soil structure of the EnvM described by Yi et al. [2009a] , in which there were 5 mineral soil layers with thicknesses from top to bottom of 0.1, 0.2, 0.5, 1 and 2 m. In this study, to improve the simulation of soil water dynamics, we used 13 mineral soil layers in the following order from top to bottom: four with thicknesses of 0.1 m, three with thicknesses of 0.2 m, three with thicknesses of 0.3 m, and single layers with thicknesses of 0.5 m, 1 m, and 2 m.
Appendix B: Ecological Module
[42] The detailed description on the ecological processes of TEM have largely been documented in previous studies [Raich et al., 1991; McGuire et al., 1992; Tian et al., 1999; Zhuang et al., 2003; Euskirchen et al., 2006] . In this study, we only provided descriptions of new implementations in the model. Section B1 describes the usage of freezing/ thawing fronts to determine the start and end of photosynthesis. Section B2 describes the detailed implementation of vertical soil C dynamics, and section B3 provides a detailed description of woody debris dynamics.
[43] The ecological module EcoM operates at monthly time step driven by monthly atmospheric climate input data and simulated environmental data. Monthly leaf area index (LAI) is estimated in EcoM, and provided to EnvM at end of each month. The fibrous and amorphous organic horizon thicknesses are updated at the end of each year, based on the simulated soil C in each horizon. The thicknesses of organic horizons are provided to DOSM.
B1. Gross Primary Production
[44] Gross primary production (GPP) is calculated at a monthly time step and is affected by several factors :
where C max is the maximum rate of C assimilation; PAR is photosynthetically active radiation, f(PHENOLOGY) is monthly leaf area relative to leaf area during the month of maximum leaf area; f(FOLIAGE) represents the ratio of canopy leaf biomass relative to maximum leaf biomass; f(T) represents the effect of air temperature; C a and G v are atmospheric CO 2 concentration and relative canopy conductance, respectively, f (C a , G v ) represents the effect of stomatal regulation on atmospheric CO 2 uptake; f(NA) represents the limiting effect of available inorganic N on GPP; and f(FT) represents the effect of freeze and thaw on photosynthetic activity. Except for C max , other factors in equation (B1) all range from 0 to 1.
[45] In the work of Zhuang et al. [2003] , 10 cm soil temperatures (°C) of the previous, current, and next month were used to calculate f(FT). Based on the signs of temperatures of the three months (greater or less than the freezing point), 8 categories of monthly freeze and thaw status are possible. For each of these 8 categories, a different equation is used to calculate f(FT). In this study, the positions of the freezing and thawing fronts are used to calculate a daily f (FT). It is assumed that if the thawing front penetrates 5 cm of the soil column (excluding living moss), then f(FT) of that day is 1, otherwise it is 0. The monthly value f(FT) is calculated as the mean of the daily values.
B2. Litter Input and Soil Carbon Dynamics
[46] As in previous versions of TEM, soil C balance can be described as the difference between litter input to the soil and soil C decomposition. Different from previous version of TEM, C litter input is divided into aboveground litterfall and belowground litterfall. Aboveground litterfall is assigned only to the first soil layer, while belowground litterfall is assigned to different soil layers based on fractional distribution of fine roots with depth. We assume that the ratio of aboveground litterfall to total litter input is similar to the ratio of root NPP to total NPP. Studies estimate that root NPP contributes approximately 40-60% of total NPP for black spruce in the boreal forest of North America Ruess et al., 2003] . In this study, we set the ratio between aboveground litterfall and total litter input at 0.43 of based on the ratio of aboveground NPP to total NPP that has been estimated for of Alaska black spruce (R. W. Ruess, unpublished data, 2010) .
[47] Soil C is tracked in the fibrous, amorphous, and mineral horizons in DOS-TEM, and soil C decomposition for each layer within a soil horizon is calculated based on the soil environmental conditions of that layer:
where i is soil layer index, R H,i is heterotrophic respiration from layer i (gC/(m 2 mon)), K d,i is heterotrophic respiration rate at 0°C of layer i (gC/(m 2 mon)), C s,i is soil C storage in layer i (gC/m 2 ), and f(M v,i ) and f(T s,i ) are moisture and temperature factors affecting decomposition of layer i. f(M v,i ) is parabolic relationship using the predefined parameters for the maximum, minimum, and optimal volumetric soil moisture for decomposition, which are 1, 0, and 0.5, respectively. When simulated volumetric soil moisture equals 0.5, f(M v,i ) equals 1. f(T s,i ) is calculated based on a Q 10 (2.0 in this study) and soil temperature of layer i. There is a unique rate limiting parameter for decomposition K d for the fibrous, amorphous, and mineral soil horizons, that is used to estimate decompo-sition for each layer within the horizon. The rate limiting parameter is determined by calibrating the model to target values for the C content of the three organic horizons.
B3. Woody Debris
[48] Woody debris C and N dynamics were included in DOS-TEM. Woody debris originates from aboveground dead vegetation. After fire disturbance, dead aboveground vegetation is completely converted to wood debris in 9 years based on Manies et al. [2005] . The rate limiting parameter for decomposition K d of wood debris is assumed to be the same as that for the amorphous organic horizon. The soil temperature and moisture of first organic layer are used to drive decomposition of wood debris (see equation (B2)).
Appendix C: Fire Effects Module
C1. Combustion of Vegetation
[49] At a fire event, aboveground vegetation C and N is divided into 3 components: combusted (a percentage of prefire aboveground vegetation biomass), aboveground dead (a percentage of prefire aboveground vegetation biomass) and aboveground live (1% of prefire aboveground vegetation biomass). The percentage of prefire above biomass combusted is determined from Table C1, e.g., 16% in dry black spruce ecosystems in small fire years. The percentage of prefire aboveground biomass that is dead is then calculated as the residual fraction after accounting for the combusted biomass and the aboveground live biomass. The belowground vegetation C is also divided into 3 components: combusted (belowground vegetation biomass from the surface to the depth of burn), belowground live (1% of prefire belowground vegetation biomass), and belowground dead (all remaining belowground vegetation biomass).
C2. Combustion of Surface Soil Organic Layers
[50] The FEM calculates an index of burn severity that ranges from 0 to 1, based on the fire season, area burned in Alaska, and soil drainage (Table C1) . Fire season is broadly classified into two categories: early season (July and months before July), and late season (August and months after August). The area burned in Alaska is broadly classified into four categories: small fire years (less than 1% of interior Alaska), large fire years (1-2% of interior Alaska burned), very large fire years (2-3% of interior Alaska burned), and ultralarge fire years (>3% of interior Alaska burned). The relative amount of area burned is determined through analysis of records for area burned in Alaska between 1950 and 2006 [Kasischke et al., 2010] . For application of the model to years before 1950, the influence of area burned on burn severity is generated randomly. The depth of burn of the surface organic soil is then calculated by multiplying burn severity from Table C1 by the total thickness of the moss, fibrous, and amorphous horizons in the soil column.
[51] Based on the calculated depth of burn, the soil C in the combusted layers is emitted to atmosphere. The dead belowground vegetation C is assigned to each of the remaining soil layers based on the distribution of fine root biomass in those soil layers. Similarly the fraction of N is combusted and emitted to atmosphere and dead vegetation N is assigned to soil organic N.
C3. Retention and Reinput of Nitrogen
[52] The combusted N from both vegetation and organic soil are divided into two components: (1) N volatized into atmosphere and (2) N retained in ecosystem. It is assumed that 85% of combusted N is retained based on Harden et al. [2004] . The volatized N is then reinput into the ecosystem in equal annual amendments in subsequent years based on dividing the volatilized N by the FRI.
Appendix D: Dynamic Organic Soil Module
[53] DOSM updates the organic soil structure at the time of fire and at the end of each year, based soil C content of the fibrous and amorphous horizons. DOSM is important in defining the structure of soil organic horizons for the purpose of maintaining the stability and efficiency of soil temperature and moisture calculations when thickness of organic soil C is altered by either wildfire disturbance or ecological processes. The soil organic structure consists of a maximum of 1 moss layer, 3 fibrous organic layers, and 3 amorphous organic layers. It is assumed that the minimum soil layer thickness for each horizon is 2 cm. If the thickness of a layer is less than 2 cm, a layer will be combined with other layers of the same horizon, or be reset to 2 cm if there is only one layer for a horizon (except for live moss, which will not be included in the soil column if it is less than 2 cm). The rationale behind the assignment of the organic soil layer thickness is that the upper layers in the soil column should be thinner than deeper layers, following the common practice of land surface models and ecosystem models in simulation soil thermal and moisture dynamics. At the same time, the upper layer should not so thin that it leads to instability and inefficiency in calculations of soil thermal and moisture dynamics. The assignment of layer thickness for the fibrous organic horizon is provided in Table D1 . The thicknesses and number of layers in the amorphous organic horizon (n amp ) are based the thickness of deepest fibrous horizon layer (d fib,bot ) and the total thickness of amorphous organic horizon (d amp ).
Then, (1) if there are 2 layers with the amorphous horizon, the thicknesses of them are 1/3 and 2/3 of amorphous organic horizon thickness, respectively; (2) if there are 3 layers, the thicknesses of them are 1/6, 2/6, and 3/6 of the amorphous organic horizon thickness, respectively.
[54] At the beginning of each year, the thicknesses of the moss layer, fibrous organic layers, and amorphous organic layers are checked. If any of these layers have thickness less than minimum value, or if the total thickness and total number of fibrous layers are not consistent with those in Table D1 , then all layers of that horizon (fibrous/amorphous) are combined together, and then split according Table D1 or equation (D1). The temperature of each new layer is determined by linear interpolation of the nearest soil temperatures of old organic soil structure. Soil freezing/thawing fronts are reassigned to new soil structure with the relative distance to the top of a horizon (moss, fibrous, amorphous) unchanged. Soil water content of each new organic soil layer is first retrieved by comparing the boundary of new and old soil layer structure. For example, if a new organic soil layer is completely located in an old organic soil layer, than the new organic soil layer is assigned a fraction of old organic soil layer's water content based on the ratio of thicknesses of both layers; if a new organic soil layer originated from two different old layers, the soil water content of new layer is assigned the sum of soil water contents retrieved from both old layers using the above method. After the determination of soil water content, the soil liquid and ice contents are retrieved with the position of freezing and thawing fronts in a layer.
[55] When fire occurs the unburned fibrous organic layer is converted to amorphous organic layer, following Harden et al. [2000] . A 2 cm fibrous organic layer is immediately added on top of amorphous organic layer. In this way, the fibrous organic layer can start accumulating litterfall and grow. When the thickness of live moss increases to 2 cm (see section D1 below), a new moss layer is added on top of the top fibrous organic layer.
D1. Growth of Live Moss
[56] The growth of moss is determined by a number of factors, including moss type, radiation, wind speed, and precipitation [Bisbee et al., 2001] . In DOS-TEM, the biomass and NPP of moss are not simulated explicitly, as they are considered as part of overall vegetation biomass and NPP. However, the thickness of moss is explicitly considered for the purposes of soil temperature and moisture calculations. Moss thickness is simulated as an empirical function of years since last fire based on [Yi et al., 2009b] where d moss is the thickness of moss (cm), d moss,max is the maximum thickness of moss (m), y sf is number of years since last fire (year), and y half is number of year which was need for moss to reach half of d moss,max . In this study, we assigned 3.5 cm to d moss,max and 5 to y half = 5 based on Yi et al. [2009b] .
D2. Change of the Thicknesses of Fibrous and Amorphous Layers
[57] The thicknesses of fibrous and amorphous layers are calculated using the simulated soil C content of each horizon and the equation:
where C is C content (gC/cm 2 ) of an organic horizon, d is organic horizon thickness (cm), and a and b are fitted coefficients for the fibrous or amorphous horizons (see Yi et al. [2009b] for more detail and estimates of a and b).
D3. Humification
[58] As the fibrous organic horizon grows thicker, the bottom layer of the fibrous organic horizon is transferred to the amorphous organic horizon. In this study, a threshold method is used to mimic the process of humification, i.e., when the fibrous organic horizon becomes thicker than the threshold, the component of the fibrous organic horizon above the threshold is transferred to the amorphous organic horizon. The threshold for starting humification is 16 and 33 cm for dry and wet black spruce stands, respectively. These values are the sum of mean and one standard deviation of fibrous organic horizons based on a soil horizon data set from numerous Canadian black spruce stands [Yi et al., 2009b] .
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